OBJEcT Posterior midline laminectomy or hemilaminectomy has been successfully applied as the standard microsurgical technique for the treatment of spinal intradural pathologies. However, the associated risks of postoperative spinal instability increase the need for subsequent fusion surgery to prevent potential long-term spinal deformity. Continuous efforts have been made to minimize injuries to the surrounding tissue resulting from surgical manipulations. The authors report here their experiences with a novel minimally invasive surgical approach, namely the interlaminar approach, for the treatment of lumbar intraspinal tumors. mEThOdS A retrospective review was conducted of patients at the Second Affiliated Hospital of Zhejiang University School of Medicine who underwent minimally invasive resection of lumbar intradural-extramedullary tumors. By using an operative microscope, in addition to an endoscope when necessary, the authors were able to treat all patients with a unilateral, paramedian, bone-sparing interlaminar technique. Data including preoperative neurological status, tumor location, size, pathological diagnosis, extension of resections, intraoperative blood loss, length of hospital stay, and clinical outcomes were obtained through clinical and radiological examinations. RESulTS Eighteen patients diagnosed with lumbar intradural-extramedullary tumors were treated from October 2013 to March 2015 by this interlaminar technique. A microscope was used in 15 cases, and the remaining 3 cases were treated using a microscope as well as an endoscope. There were 14 schwannomas, 2 ependymomas, 1 epidermoid cyst, and 1 enterogenous cyst. Postoperative radiological follow-up revealed complete removal of all the lesions and no signs of bone defects in the lamina. At clinical follow-up, 14 of the 18 patients had less pain, and patients' motor/sensory functions improved or remained normal in all cases except 1. cONcluSIONS When meeting certain selection criteria, intradural-extramedullary lumbar tumors, especially schwannomas, can be completely and safely resected through a less-invasive interlaminar approach using a microscope, or a microscope in addition to an endoscope when necessary. This approach was advantageous because it caused even less bone destruction, resulting in better postoperative spinal stability, no need for facetectomy and fusion, and quicker functional recovery for the patients. Individualized surgical planning according to preoperative radiological findings is key to a successful microsurgical resection of these lesions through the interlaminar space.
I
ntraspInal tumors are lesions located either outside the spinal cord (intradural-extramedullary or extradural) or inside the spinal cord (intramedullary). 43 The traditional surgical procedures for resection of these pathologies involve subperiosteal muscle stripping, hemilaminectomy, or even extensive laminectomy. 46 For those lesions affecting the foraminal regions, an additional ipsilateral facetectomy might be required. 13, 24 Therefore, in view of the increased risks of spinal instability and deformities associated with these radical operations, especially when the cervical or lumbar spine is operated on, reconstructive fusion procedures are usually required. 15, 19, 38, 39, 48 One unique anatomical feature of the lamina of the lumbar spine is its relatively wide wedge-shaped interlaminar space, widest at the center while narrowed at either end. To prevent the aforementioned complications, alternative, less-invasive surgical techniques are being developed by taking advantage of both the natural opening or passage in the bones of the spine and innovations in surgical instruments. 37 , 49 The purpose of this present study was to report experiences with a novel minimally invasive technique, namely microsurgical resection of lumbar lesions via a "lossless" interlaminar approach. The authors use the word "lossless" to convey the concept of the most minimal injury ever possible to surrounding bony tissues while successfully removing the lesions in the spinal canal. This method is technically feasible for the following reasons: first, patients with intradural tumors at the lumbar spine usually manifest signs and symptoms in the early stages. 32 And the availability of MR images also contribute to early detection of tumors, e.g., when the diameter is 2 cm or smaller. Second, schwannomas are the most common intradural-extramedullary spinal tumors that are found in the lumbar spine, and they typically do not adhere to surrounding spinal cord, nerves, or vessels, and are relatively easy to remove via microsurgical manipulation. 27, 30 Third, because of the absence of the spinal cord, the lumbar cistern is quite spacious. In addition, schwannomas usually have a downward blood supply that originates from the same artery feeding the affected spinal nerve root above. 23 Therefore, exposure and coagulation of the feeding artery at the upper (proximal) edge of the tumor could effectively control tumor bleeding during the operation and thus may help to ensure a clear visual field under the microscope and reduce the risks of nerve injury as well. 26 Lastly, both preoperative gradientecho constructive interference in steady state (CISS) MRI sequencing and 3D CT reconstruction of the spinal canal with the volume-rendering technique (VRT) are helpful in terms of investigating the spatial relationship between the tumor and the affected spinal nerve root; therefore, precise surgical planning can be customized for each patient. 9, 16, 25 By sparing the need for complete or even partial laminectomy and/or facetectomy and subsequent spinal fusion, the authors suggest that this novel, minimally invasive interlaminar treatment of intradural-extramedullary lumbar tumors could become increasingly popular in spinal surgery.
methods

Study population
A 
Operative Techniques
After receiving general anesthesia, the patient was placed prone with all pressure points padded. A 4-cm skin incision was made in the midline centered over the lamina where the intradural tumor was located. To fully use the natural opening of the interlaminar space, which is widest at the center, the contralateral laminar space was usually exposed. The interspinous ligament was kept intact. Paraspinous musculature was stripped subperiosteally with monopolar cauterization, and, after placement of a retractor, the hemilamina above and below the target interlaminar space and the ligamentum flavum were exposed.
Then the microscope was mounted and the contralateral ligamentum flavum was resected piecemeal with a Kerrison rongeur. The dura and the arachnoid membrane underneath were then dissected in a standard longitudinal fashion, and a 4-0 suture was placed to pull away the dura to form a working window of approximately 1.5-2.0 cm in diameter ( Fig. 1A and E) . The intradural pathology was resected using a standard microsurgical technique. First, the lesion was identified among the spinal nerves by using a microsurgical probe, and with the help of a microaspirator, a surgical plane was then developed between the lesion and the spinal nerves. Caution was taken to identify the affected spinal nerve at the apex of the lesion, and sometimes it had to be removed because of its adherence to the lesion. Coagulation and cut-off of the feeding artery could lead to decreased blood perfusion of the lesion and facilitate the identification and separation of the efferent spinal nerve at the lower end of the lesion. Once the lesion was gently dissected from the spinal nerve on both ends, it was removed using an en bloc technique (Fig. 1B) . When necessary, the lesion was resected in a piecemeal fashion using an ultrasonic aspirator.
If the interlaminar space was relatively small and/or the upper and lower ends of the lesion were located too far away from the interlaminar space to be observed and manipulated directly under the microscope, the authors chose to use endoscopic instruments for better access to the lesions and to minimize potential damage to the spinal cord. Specifically, when a dura opening of approximately 1.0 cm in diameter was achieved under the microscope, a rigid endoscope was introduced through this working window and gently inserted into the contralateral subdural space. Isothermal normal saline (pressure at 100-150 mm H 2 O) was used to irrigate the operative field. A small piece of gelatin foam was then inserted to provide a surgical plane between the lesion and nerves. The feeding artery and affected spinal nerves were coagulated and dissected by using a bipolar flexible radiofrequency probe. If the tumors were too large to be pulled out directly through the endoscopic canal, the endoscope was removed, and the tumors were resected microscopically with an ultrasonic aspirator. Once the tumor was resected, the dura was closed with titanium dural clips ( Fig. 1C-E) , and the suture line was reinforced with fibrin glue or gelatin foam to prevent epidural bleeding. The retractor and microscope were removed, the fascia and muscle were reapproximated with a 2-0 resorbable suture, and the subdermal region was reapproximated with a 3-0 resorbable suture. The skin was closed with 4-0 resorbable sutures using the subcuticular closure technique.
Results
Between October 2013 and March 2015, a total of 18 patients diagnosed with lumbar intradural-extramedullary tumors underwent minimally invasive treatment at the Department of Neurosurgery, Second Affiliated Hospital of Zhejiang University School of Medicine via interlaminar techniques, including 3 cases with intraoperative endoscopic assistance (Table 1 ). There were 12 men and 6 women with a mean age of 50 years (range 35-64 years). Gross-total resection (GTR) was achieved in all 18 patients. The average duration of surgery was 128 minutes (range 60-315 minutes), and the mean blood loss was 47 ml (range 20-100 ml; Table 2 ). There was only 1 patient who had procedure-related complications (urinary incontinence), but he recovered within 3 weeks after surgery. No incidence of postoperative CSF leak was observed in our study. Pathological reports identified benign schwannomas in 14 patients, and 2 ependymomas, 1 epidermoid cyst, and 1 enterogenous cyst. All patients were mobilized within 24 hours after surgery, and the mean length of hospitalization was 13 days (range 7-20 days). The mean MRI and clinical follow-up were 3.5 months (range 1-12 months) and 4.9 months (range 1-16 months), respectively. At last follow-up, 14 of the 18 patients had a reduced level of pain as suggested by an average VAS score that improved from 4.3 to 0.3. The ASIA grade improved or remained normal in all patients except for 1 ( Table 2 ).
Illustrative cases
Case 1
A 59-year-old man with no medical history of note complained of approximately 10 years of left lower-limb pain, which had aggravated him for 1 month. There was no history of gait disturbance or bowel or bladder dysfunction. On physical examination, no sensory or motor deficits were found. The patient underwent lumbar contrast-enhanced MRI, which revealed an intradural-extramedullary tumor with cystic change at the L1-2 level ( Fig. 2A-D) . The patient underwent microsurgical tumor removal via the interlaminar approach, and postoperative MRI scans verified GTR ( Fig. 2E and F) . VRT reconstruction verified the intactness of the spinal lamina ( Fig.  2G and H) . Pathological examination revealed the lesion to be a schwannoma. At follow-up, the patient's pain was completely resolved.
Case 2
A 39-year-old woman with no medical history of note complained of approximately 4 months of stiffness in her right upper thigh. She had no history of gait disturbance or bowel or bladder dysfunction. On physical examination, no sensory or motor deficits were found. The patient underwent lumbar contrast-enhanced MRI, which revealed an intradural-extramedullary tumor at the L1-2 level (Fig.  3A-C) . The patient underwent microsurgical tumor removal via the interlaminar approach, and postoperative MR images verified GTR (Fig. 3D) . VRT reconstruction verified the intactness of the spinal lamina ( Fig. 3E and  F) . Pathological examination revealed the lesion to be a schwannoma. At follow-up, the feeling of stiffness was completely resolved.
Case 10
A 60-year-old man with no medical history of note complained of approximately 1 month of right lower-limb pain. There was no history of gait disturbance or bowel or bladder dysfunction. On physical examination, sensory or motor deficits were not found. The patient underwent lumbar contrast-enhanced MRI, which revealed an intraduralextramedullary tumor at the L1-2 level and a herniated disk at the L4-5 level (Fig. 4A-C) . The patient underwent removal of the tumor and the nucleus pulposus via endoscopic assistance, and postoperative MR images verified GTR (Fig. 4D) . VRT reconstruction verified the intactness of the spinal lamina ( Fig. 4E and F) . Because the L1-2 interlaminar space was relatively small in the present case, instead of direct microsurgical resection, an endoscope 
-E:
The closure of the dura was achieved with application of titanium dural clips, and no incidence of postoperative CSF leak was observed. In the presented case, the opening measured less than 1 cm.
was introduced into the dural opening to remove the tumor (Fig. 4G) . Pathological examination revealed the lesion to be a schwannoma. At follow-up, the patient's lower-limb pain was completely resolved.
discussion
Schwannomas are the most common intradural-extramedullary lesions of the lumbar spine, at approximately 50%, and they are mostly benign tumors of the nerve sheath that grow slowly and can be satisfactorily treated with GTR. 1, 3, 7, 17, 18 A traditional approach to lumbar intradural schwannomas involves a midline incision, bilateral muscle dissection, and removal of the posterior spinal elements. 2, 3, 6, 14, 33 Consequently, this approach might increase risks of postoperative spinal instability. Efforts have been made to improve the surgical technique from extensive laminectomy and facetectomy, to laminoplasty, hemilaminectomy, or even semihemilaminectomy. 5, 17, 22, 35, 36, 42 Although different surgical techniques have their own indications and contradictions, we should keep in mind that our priority sequence will always be the protection of the spinal cord and its function first, followed by prevention of postoperative spinal instability and deformity, and then minimization of the injuries to ligaments, muscle, and skin, if possible
The natural opening of the interlaminar space, especially the center portion, is actually wider than most of us had previously perceived. In Case 1, the tumor was located laterally under the interlaminar space. The classical surgical approach for its exposure is usually ipsilateral hemilaminectomy followed by partial or complete facetectomy. However, the authors chose the contralateral interlaminar approach to access this tumor instead. The advantage of this contralateral opening is full utilization of the widest center part of the interlaminar space for better exposure and resection of the lesion under a microscope. Therefore, this alternative minimally invasive interlaminar technique is expected to provide the same, if not better, protection to the spinal nerves as conventional techniques provide while maximally reducing bone tissue destruction.
In this series of 18 cases, 14 patients were pathologically diagnosed with benign schwannomas and the remaining 4 patients were diagnosed with 2 ependymomas, 1 epidermoid cyst, and 1 enterogenous cyst. Furthermore, the authors compared the results of the present study to results from their previous work reporting on semihemilaminectomy for the resection of a series of 24 intraspinal tumors. 47 These previous data show that although there was no significant difference in tumor size between the 2 studies, the interlaminar procedure group had reduced intraoperative blood loss, postoperative confinement to bed, and length of hospitalization. In addition, the clinical outcome of the present series was comparable to outcomes with classic minimally invasive techniques. 48 Spinal schwannoma are frequently associated with hemorrhage, intrinsic vascular changes, cyst formation, and fatty degeneration. 10, 20, 21 In the rare cases of cystic spinal schwannomas, the solid component of the tumors can be quite small. 31, 45 In Case 2, the lesion was 3.0 cm along the long axis, which exceeded the width of the interlaminar space. Therefore, the initial surgical plan was to remove the tumor via 2 adjacent interlaminar spaces. However, after exposure of the tumor through 1 interlaminar space and successful discharge of its cystic component, the lesion shrunk dramatically, and it was then possible to resect the tumor via this single interlaminar space. Nevertheless, caution should still be taken, because in these patients the affected spinal nerve could be located distal to the interlaminar space and even be adherent to the conus medullaris or the nerve root. For example, in Case 6, the postoperative complication of urinary incontinence might have been caused by intraoperative retraction of the conus medullaris that occurred when the interface between the tumor and its surrounding normal tissues gradually widened due to surgical maneuvers along the upper end of the tumor. The relatively spacious lumbar spine makes it possible to endoscopically manage intradural lesions through the natural interlaminar space. The major obstacles that prevent the introduction of full endoscopic resection of intradural tumors into clinical practice might be related to factors such as excessive heavy bleeding from the epidural venous plexus, which could cause blurred images during the course of endoscopic surgery, and technical difficulties such as opening/retracting/closing of the dura using a full endoscope. 8, 11, 12, 28, 29, 40, 41 Accordingly, we modified the endoscopic surgery with microscope assistance; i.e., the endoscope was only introduced after the dura was opened and suspended under the microscope. For instance, in Cases 6, 10, and 14, where the affected spinal nerves were located distal to the skin incision, it was quite difficult to discern anatomical features under the microscope. In addition, in Case 10, the preoperative VRT reconstruction indicated that the interlaminar space was too small for direct microscopic resection. However, with the help of the intraoperative endoscope, all 3 tumors located distal to the interlaminar space were successfully removed.
Except for those large schwannomas and ependymomas that occur in the conus medullaris, 4, 34, 44 the authors endorse the surgical removal of lumbar intraspinal tumors through the interlaminar space. The core surgical techniques include the following: first, a strict selection criterion should be imposed in preoperative surgical planning. The indications for the interlaminar approach are those lumbar tumors that were revealed by preoperative radiological examinations to be small and oval to spindle shaped, or relatively large but with a significant cystic component. If the solid component of the lesion had a transverse diameter exceeding three-fourths of the diameter of the spinal canal, then it would be quite difficult to develop a surgical plane, significantly increasing the risks of spinal nerve injuries. Therefore, under such circumstances, we suggest the use of hemilaminectomy instead. Second, preoperative 3D CT reconstruction of the spinal canal with VRT might generate important anatomical information about the interlaminar space in question and allow emulation of the working conditions under a microscope. Third, CISS MRI sequences are helpful for determining the spatial relationship between the tumor and the affected spinal nerve root and are thus quite valuable for preoperative planning. Fourth, priority should be given to exposure and coagulation of the feeding artery at the upper (proximal) edge of the tumor during the operation. Because schwannomas generally rely on this downward blood supply for growth, this manipulation could effectively control tumor bleeding, render it possible for en bloc piecemeal tumor resec- tion, or move the lesion to the next interlaminar space for excision. Finally, if difficulties appear during the operation, such as firm adhesion of the tumor to its surrounding spinal nerves, it would be reasonable to switch to a hemilaminectomy or laminectomy to minimize the risk of spinal nerve injury.
conclusions
Most of the lumbar intraspinal tumors, especially schwannomas, could be safely and completely resected via a bone-sparing interlaminar approach. The indications for this novel approach (selection criteria) are lumbar tumors located near the interlaminar space and, according to preoperative radiological examinations, measuring less than 2 cm at the long axis diameter, or even more than 3 cm when a significant cystic component is present. With the aim to better protect neurological function, surgical planning should be individualized according to the anatomical features of the interlaminar space, and the tumor underneath should undergo thorough preoperative radiological characterization.
